Over recent years, x-ray phase contrast imaging (XPCi) was proven to offer an excellent alternative to conventional absorption imaging when low density variations inside specimens have to be detected. 1, 2 In fact, the additional sensitivity to phase results in improved image contrast, especially for weakly absorbing materials. Alongside XPCi, dark-field (or ultra-small-angle x-ray scatter 3 ) imaging, which is sensitive to sample inhomogeneity on the sub-pixel scale, was proven to yield additional information in biomedical 4 and other applications. 5 The most commonly used XPCi techniques are: propagation-based, 6, 7 analyzer-based, 8, 9 grating interferometry, [10] [11] [12] and edge illumination. 13, 14 In propagation-based XPCi no optical element is required. The recorded phase signal, however, is strongly affected by source size and detector resolution, which usually restrict its application to synchrotron facilities or microfocal sources. In analyzer-based methods, two crystals are used to create a narrow angular acceptance window for x-rays. This results in a very high sensitivity to small refraction angles but also makes the method impractical for implementation with polychromatic laboratory sources. Grating interferometry and edge illumination are the main techniques used for laboratory-based XPCi. They use two or three optical elements to generate and analyse a periodic intensity pattern on the detector. By acquiring a minimum of three images, while varying the relative displacement of the optical elements, it is possible to retrieve the absorption, refraction and scatter signals. 15, 16 The presence of optical elements, however, plus the need for multiple acquisitions, leaves room for improvement in term of acquisition time, delivered dose, and stability requirements.
Recently, alternative "single-shot" XPCi methods have been proposed, [17] [18] [19] [20] in which a reference pattern is created using either a sheet of sandpaper or the Talbot self-image from a phase grating, and correlation methods are used to analyse the local pattern distortions caused by a sample. While most of these were implemented at synchrotrons, Zanette et al. 20 extracted absorption, refraction, and dark--field signals from a speckle pattern using a laboratory setup. However, a speckle pattern will, in general, have a wide range of features with different size and intensity, resulting in a change of resolution and sensitivity across the image which could be difficult to control. This is not the case if the Talbot self-image of a grating is used; however, gratings employed at x-ray wavelengths typically have pitches of few micron, and a very high resolution detector is needed to resolve the intensity pattern. Moreover, the distance from the grating at which the self-image is created is energy dependent, resulting in a reduced pattern visibility when polychromatic sources are used.
We address these problems through a beam-tracking approach employing a single absorbing mask. This can be seen as the translation to a laboratory setup of the method we recently demonstrated with synchrotron radiation. 21 A scheme of the experimental setup is shown in Fig. 1 mask is used to create a series of physically separated beamlets that pass through the sample and reach the detector. Each beam is then analysed using a group of pixels, and absorption, refraction, and scattering are extracted from a single exposure. A similar setup has been proposed in the past 22 ,23 using different phase retrieval methods. In the method proposed by Krejci et al., 22 two pixels per beam are illuminated (four in the 2D case), and analytical formulae are derived to calculate absorption and refraction. These, however, are based on a simplified description of the experimental setup that does not take into account important parameters such as source size, transmission through the mask, and pixel point spread function. In the method proposed by Wen et al., 23 the above signals plus dark-field are retrieved by performing a Fourier-analysis of the intensity pattern. As will be shown later, however, when implemented with polychromatic radiation, this approach can lead to a mixing of absorption and scattering signals.
To demonstrate our approach, we used our "microscopy" setup, 24 based on a microfocus transmission tungsten target x-ray tube, operating at 80 kVp with source size of about 3.5 lm. The involved distances are: source to mask z 1 ¼ 13.2 cm, mask to sample z 2 ¼ 2.1 cm, and sample to detector z 3 ¼ 116.7 cm. The mask is made of a 200 lm thick gold layer on a silicon substrate, with aperture size and period of 3 lm and 20 lm, respectively. The detector is a passive pixel CMOS sensor (Hamamatsu Photonics C9732DK), with pixel size of 50 lm. The geometrical magnification between the mask and the detector is M ¼ ðz 1 þ z 2 þ z 3 Þ=z 1 ¼ 10. The period of the intensity pattern at the detector plane is thus 200 lm, equal to four pixels. The system is aligned so that each beamlet hits the center of a pixel by using compact piezoelectric motors, and five pixels are used to track the variations of each beam.
Let us consider monochromatic radiation of energy E. An ideal absorbing mask can be described by the following complex transmission function:
where P is the period of the mask, W is the dimension of the mask aperture, and rect(x) is equal to 1 for jxj < 1=2 and 0 elsewhere. When a real mask is used, however, part of the beam can be transmitted through the absorbing septa.
Referring for simplicity to one aperture only, the intensity transmitted through a real mask can be expressed as
where oðEÞ ¼ exp ½À2kb m ðEÞT m , with b m ðEÞ being the imaginary part of the mask refractive index, T m being the mask thickness, and k ¼ 2p=k, with k being the x-ray wavelength. In the geometrical optics approximation, which is sufficiently accurate for our experimental setup, 25 the intensity recorded by each pixel can be expressed as iðx; EÞ ¼ p 0 ðEÞi f ðx; EÞ þ p 00 ðEÞ;
where p 0 ðEÞ ¼ pðEÞ½1 À oðEÞ; p 00 ðEÞ ¼ pðEÞoðEÞ, and i f ðx;EÞ ¼ rect½x=ðMWÞ Ã PSFðx;EÞ. p(E) describes the source spectral distribution combined with the detector response at energy E, and * indicates the convolution with respect to the x variable. PSF(x, E) is the convolution between the source intensity distribution projected at the detector plane and the detector point spread function, normalized such that Ð PSFðx;EÞdx ¼ 1. When a sample is introduced, the intensity distribution measured by the detector can be expressed as
where t(E) is the transmission through the sample, DðEÞ is the shift of the beam caused by refraction, and s(E) is the sample scattering function. s(E) is assumed as a normalized Gaussian with standard deviation r s ðEÞ. The intensities measured in the polychromatic case, with and without the sample, are then calculated by integrating Eqs. (3) and (4) over energy
For the case when the sample is not present, let us consider the total intensity A F , mean value l F , and variance r 2 F of I F , defined as follow:
with analogous definitions for total intensity A D , mean value l D and variance r 2 D of I D (sample present). The variations between these parameters can be used to retrieve the sample's transmission (T), refraction (R), and scattering (S) signals, given by the following expressions:
where r 2 f ðEÞ is the variance of i f ðx; EÞ. T is the ratio between the total intensity of the beam with and without the sample and is effectively the weighted average of t(E) over the spectrum p 0 ðEÞ. R indicates the average shift of the beam induced by refraction and is equal to the weighted average of DðEÞ over the spectrum p 0 ðEÞ multiplied by t(E), which can be seen as an "effective spectrum" in the presence of the sample. The expression for the scattering signal is more complex and consists of different terms. The first term in the first line of Eq. (12) is the weighted average of r 2 s ðEÞ over the effective spectrum p 0 ðEÞtðEÞ and represents the "pure" scattering term. The second line of Eq. (12) is the variance of DðEÞ over the effective spectrum p 0 ðEÞtðEÞ and explains how the variation of the refraction angle with energy results in an overall broadening of the beam, which will be measured as a scattering signal. The third line of Eq. (12) is a residual error in the normalization by the flat field signal r 2 F and depends on the difference in the spectrum without (p 0 ðEÞ) and with (p 0 ðEÞtðEÞ) the sample. For a non-absorbing sample, this term would be equal to 0.
Let us assume that I F and I D can be approximated by Gaussian functions, 16 that the system is aligned so that l F ¼ 0, and that A F and r F are known from an independent measurement without the sample. With these hypotheses, it is possible to retrieve T, R, and S by interpolating the intensity distribution I 0 ðxÞ measured by the detector with a Gaussian function, representing I D ðxÞ, plus a constant term, representing C D .
We used a series of glass spheres, the leg of a beetle, and a wood section as samples. The intrinsic resolution of the system is comparable to the aperture width of the mask 24, 26 and is therefore smaller than the mask period (which represents the rate at which the signal is sampled in a single exposure). To illuminate all the samples and avoid aliasing, for each acquisition, a 16-step sub-pixel scan along the direction orthogonal to the aperture lines was performed. The steps were then averaged in groups of 4, to obtain a final image with equal sampling step in the two directions (5.8 lm), and to reduce the noise. While this means that more than one exposure was acquired, the sub-pixel scan can be avoided in those cases where a final resolution in the scanning direction equal to the mask period can be accepted. Twenty exposures of 10 s were acquired for each step. Two flat field images were acquired, one before and one after the sample acquisition, with 40 exposures of 10 s each. I F was measured by scanning the sample mask over 20 lm (one mask period) with 12 steps of 10 s each. The detector dark current was estimated by averaging 10 exposures of 10 s without x-rays and then subtracted from all the acquired images. To avoid artifacts from mask imperfections, the images acquired with the sample were normalized by the flat field.
The result of the retrieval procedure applied to the spheres sample is shown in Figs. 2(a)-2 Figs. 2(g)-2(i) , with transmission and refraction calculated using Eqs. (10) and (11), and the theoretical scattering signal assumed to be 0. While our method yields good agreement, Fourier-analysis provides a signal lower than expected in absorption, and a relatively strong spurious scatter signal. This is an artifact caused by beam hardening. To explain it, let us consider Eqs. (5) and (6), in presence of absorption only. While the total intensity of the term I D ðxÞ is reduced with respect to I F ðxÞ by a factor T (see Eq. (10)), the term C D is reduced by a factor of T 0 ¼ Ð p 00 ðEÞtðEÞdE= Ð p 00 ðEÞdE. The "Fourier-analysis" method, however, implicitly assumes that I 0 ðxÞ ¼ TIðxÞ when only absorption is considered. While this is correct in the case of monochromatic radiation, it can cause artifacts in the polychromatic case, since the different absorption between the curve I D ðxÞ and the offset C D is retrieved as a scattering signal, i.e., the function I 0 ðxÞ appears to be broader than I(x). In both methods, the presence of the offset has no direct influence on the retrieval of the refraction signal; hence the correct lateral shift between I D ðxÞ and I F ðxÞ is retrieved in both cases. To exclude that the described artifacts might originate in part also from other sources, the above results have also been validated through wave-optics simulations. 27 Fig . 3 shows the results obtained from the beetle leg. No scattering signal is visible, and absorption is very weak; however, a strong refraction signal is detected, highlighting the importance of phase-contrast imaging for low absorbing materials. Finally, Fig. 4 shows the signals extracted from the wood sample, which we imaged because it is known to contain structures at different length scales. This results in features with dimensions smaller than the mask aperture producing the signal visible in the scatter image, while larger features produce a refraction signal.
In conclusion, we presented a method for the single-shot retrieval of absorption, refraction, and scattering in hard x-ray imaging, together with a detailed study of the effect of polychromaticity on the retrieved signals. The method has been tested both on a known object, obtaining a good agreement with the predicted values, and on more complex samples showing either weak or strong scattering. For this proof-of-concept experiment, a microfocal source was used with a high magnification, primarily to use a standard detector with 50 lm pixel size. However, the method can be easily extended to lower magnification values by using a detector with a smaller pixel size. 
